Abstract: In this study, to give insight into the bacterial diversity of biofilms from full-scale drinking water distribution systems (DWDSs), the bacterial community compositions of biofilms from two urban DWDSs (Guangzhou and Beijing, China) were determined using a 16S rRNA gene library technique. Meanwhile, the occurrence and diversity of mycobacteria were also analyzed by a Mycobacterium-specific hsp gene assay. The biofilms from the full-scale DWDSs have complex bacterial populations. Proteobacteria was the common and predominant group in all biofilm samples, in agreement with previous reports. The community structures of bacteria at the three sites in Guangzhou DWDS were significantly different, despite the similar physicochemical properties of portable water. Some abundant and peculiar bacterial phylotypes were noteworthy, including Methylophilus, Massilia, and Planomicrobium, members of which are rarely found in DWDSs and their roles in DWDS biofilms are still unclear. The diversity of Mycobacterium species in biofilm samples was rather low. Mycobacterium arupense and Mycobacterium gordonae were the primary Mycobacterium species in Guangzhou and Beijing biofilms, respectively, indicating that M. arupense may be more resistant to chloride than M. gordonae.
Introduction
Even in the event of administering multibarrier treatment processes, it is not possible to remove all microorganisms from source water. Meanwhile, treatment failures and pipe contamination may often lead to microbial growth in drinking water distribution systems (DWDSs) (Reynolds et al. 2008) . Because attached cells have certain advantages over planktonic cells, e.g., the ability to metabolize recalcitrant organic compounds (Berry et al. 2006 ) and increased resistance to chlorine (Emtiazi et al. 2004; Tachikawa et al. 2005) , biofilms predominate in DWDSs and cause many public health issues, such as protecting and supporting pathogenic microorganisms (Buswell et al. 1998) , bacterial regrowth (LeChevallier et al. 1991) , and depletion of disinfection agents (Regan et al. 2002) . Therefore, many researchers have focused on biofilms in DWDSs.
Due to limited access and the high cost involved in sampling, current information on the microbial diversity of biofilm within full-scale DWDSs is still scant. Several studies have used model DWDSs and removable coupons for biofilm attachment inserted (for short times) in real DWDSs (Berry et al. 2006) . However, because the formation of a biofilm is the result of successional development into a mature community, it may require several years before steady state is achieved, which limits the relevance of short-term model studies (Martiny et al. 2003) . The characterization of microbial communities of biofilms in full-scale DWDSs is far from being understood in detail.
Nontuberculous mycobacteria (NTM) have been frequently found in DWDSs, and members of them are reported as opportunistic pathogens (September et al. 2004; Vaerewijck et al. 2005) . Infections with NTM are usually restricted to immunocompromised patients or persons with underlying diseases, while some also infect healthy people (Graham 2002) . Because mycobacteria are generally tolerant to disinfects, they can form biofilms on the surface of pipelines (HallStoodley et al. 1998; Szewzyk et al. 2000) , characters of which make them more difficult to eliminate from DWDSs (Hall-Stoodley et al. 1998) . Their growth in DWDSs may constitute a risk to consumers by drinking water or inhalation of aerosols while showering (Feazel et al. 2009 ).
In this study, to characterize bacterial diversity in biofilm from full-scale DWDSs, the bacterial community structures in biofilms of two urban DWDSs (Guangzhou and Beijing, China) were revealed by cloning and sequencing of polymerase chain reaction (PCR)-amplified 16S rRNA gene fragments. Meanwhile, for understanding the potential health risk of NTM in the DWDSs, the occurrence and diversity of mycobacteria in the biofilms were also investigated by using a Mycobacterium-specific PCR method.
Materials and methods

Sample collection and DNA extraction
Five polyvinyl chloride (PVC) pipe sections were collected from three sampling sites (A, B, and C) in the same distribution system in Guangzhou in June 2010. Two pipe sections were taken from each point B and C. In the same month, one PVC pipe section was obtained from Beijing. Immediately after collection, samples were transported to our lab and stored at 4°C. Water samples (10 L) were collected from each sampling site for water quality analysis. The water quality parameters analyzed and values are listed (Table 1) .
Approximately 2.0 cm 2 of biofilm samples were scraped using sterile spatulas. Then, the samples were washed three times using aseptic phosphate-buffered saline (pH 7.0) and centrifugation at 10 000 r·min -1 (10 400g) at 4°C for 15 min. After centrifugation, DNA was extracted using a FastDNA spin kit for soil (Qbiogene, Solon, Ohio) facilitated with the FastPrep-24 bead beater system, following the manufacturer's instructions, and then quantified with a Nanodrop 1000 spectrophotometer (Thermo Scientific, Wilmington, Delaware).
Cloning and sequencing
The bacterial 16S rRNA gene fragments were amplified by PCR using primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GACGGGCGGTGTGTAC-3′). The partial heat shock protein (hsp) gene sequences of mycobacteria were amplified using primers HspF (5′-CTGGTCAAGGAA-GGTCTGCG-3′) and HspR (5′-GATGACACCCTCGTTGC-CAAC-3′) (Khan and Yadav 2004) . The PCR conditions for the amplification of the bacterial 16S rRNA gene were as follows: 95°C for 10 min, followed by 30 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min and 30 s, and a final extension at 72°C for 10 min. For amplification of the hsp gene, the PCR conditions were 95°C for 10 min, followed by 30 cycles of 95°C for 15 s, 58°C for 15 s, and 72°C for 30 s, and a final extension at 72°C for 10 min. PCR products were confirmed by electrophoresis in 1.2% agarose gel. Three separate reactions for the bacterial 16S rRNA gene and the hsp gene of mycobacteria were run for each sample to minimize PCR bias in subsequent cloning steps, and all relevant PCR products from the same sample were further pooled together. The amplification products were purified with a QIAquick PCR cleanup kit (Qiagen, Inc., Chatsworth, California) and cloned into the TOPO TA cloning vector pCR2.1, and then TOP10 chemically competent Escherichia coli was transformed with the plasmids in accordance with the manufacturer's instructions (Invitrogen). Transformants were selected by blue-white selection on Luria-Bertani agar plates containing ampicillin (100 mg·mL -1 ). Cloned inserts were amplified from lysed colonies by PCR with plasmidvector specific primers M13F (5′-GTAAAACGACGGC-CAG-3′) and M13R (5′-CAGGAAACAGCTATGAC-3′). Clones were sequenced with an ABI 3730 automated sequencer (Invitrogen, Shanghai, China).
Phylogenetic analysis
Sequences were searched against the Ribosomal Database Project II (RDP II) release 9.49 and the GenBank database by using the BLASTn program to determine the closest matches. Possible chimeras were checked with Bellerophon version 3 (http://greengenes.lbl.gov/cgi-bin/nph-bel3_interface.cgi). Phylogenetic trees were constructed using MEGA version 4.0 by the neighbor-joining algorithm, and the Jukes-Cantor distance estimation method with bootstrap analyses for 1000 replicates was performed. The operational taxonomic unit (OTU) number was determined using MOTHUR by defining the sequences sharing 97% similarity as 1 OTU. Shannon diversity indices (H) were also calculated using MOTHUR. Evenness (E) indices were calculated as follows: E = H/ln n, where n is the number of OTUs. Coverage (C) was calculated as follows: C = 1 -(n 1 /N), where n 1 is the number of OTUs that occurred once and N is the total number of clones (Singleton et al. 2001) . UniFrac computational analysis was performed to compare clone libraries from different sampling sites.
Nucleotide sequence accession numbers
The partial 16S rRNA gene and hsp gene sequences that were determined have been deposited in GenBank nucleotide sequence databases under accession Nos. JF922382-JF922605 and JN628293-JN628434.
Results
Physicochemical properties
As shown in Table 1 , the physicochemical properties of water from three sampling sites in Guangzhou were similar. However, the temperature, chemical oxygen demand (COD), total dissolved solids (TDS), total nitrogen, and concentrations of chloride and sulphate in water from Guangzhou were markedly higher than those in water from Beijing.
Bacterial community in DWDS biofilms
Six clone libraries of 16S rRNA genes were, respectively, constructed for the biofilm samples collected from Guangzhou (B1, B2, B3, B4, and B5) and Beijing (T) DWDSs. The five Guangzhou biofilm samples were taken from the three following points: B1 from point A; B2 and B3 from point B; and B4 and B5 from point C. A total of 270 sequen- 
ces were obtained and grouped into 98 OTUs with a sequence similarity of 0.97, using MOTHUR software. Possible chimeras were discarded. MOTHUR analysis indicated that five Guangzhou bacterial communities were more similar to one another as compared with the control Beijing bacterial community, and bacterial communities from the same sampling site showed more similarity (Fig. 1) . Principal component analysis by UniFrac also showed similar results (Fig. 1) .
In the six biofilm libraries, the phylum Proteobacteria was the predominant group. Of those, Alphaproteobacteria and Betaproteobacteria were found in all six biofilm samples. Other classified taxonomic groups in DWDS biofilm samples included Firmicutes, Chloroflexi, Actinobacteria, Planctomycetes, Nitrospira, Acidobacteria, and Verrucomicrobia (Table 2; Fig. 2) .
Among clone sequences derived from the biofilm sample in the Beijing DWDS, the majority (89.1%) were affiliated with the phylum Proteobacteria including Alphaproteobacteria (84.8%), Betaproteobacteria, and Gammaproteobacteria, followed by the phyla Nitrospira (8.7%) and Acidobacteria (3.1%) ( Table 2 ). In the Proteobacteria, a number of sequences were assigned to the family Sphingomonadaceae in Alphaproteobacteria, within which the bacterial genera identified were generally residents in biofilms or DWDSs. One clone (T-65) showed high similarity (97%) with ammonia-oxidizing Nitrosomonas sp. strain Nm86 (accession No. AY123798.1). Four clones were assigned to the genus Nitrospira, members of which had an autotrophic metabolism using nitrite as an electron donor.
Most of the sequences from point A (67.3%) were assigned to the family Methylophilaceae (Table 2 ) and showed homology with Methylophilus spp., Methylotenera spp., and Methylobacillus spp. Deltaproteobacteria clone B1-41 and Actinobacteria clone B1-21 were closely related to those retrieved from biofilms. Other clones in the B1 library were related to some heterotrophic bacteria in Firmicutes and Gammaproteobacteria. In the B2 and B3 clone libraries constructed from two biofilm samples at point B, many sequences were similar to those derived from soil or freshwater sediments. Similar to the Beijing biofilm community, Alphaproteobacteria sequences were abundant (30.2% and 56.5%, respectively) in the B2 and B3 libraries, while the bacterial genera were not so diverse, and most of those belonged to the genus Sphingobium (18.6% and 52.2%, respectively). Other Proteobacteria sequences from site B were mainly assigned within the order Burkholderiales in Betaprotobacteria. Bacteria in the phylum Acidobacteria encompassed 18.6% of the B2 sequenced clones (4.3% clones in B3 library). There was one clone in the B3 library (B3-52) that showed high similarity (99%) to nitrite-oxidizing bacterium Nitrospira defluvii (accession No. FP929003). For the two biofilm bacterial communities (B4 and B5) from sampling point C, individually 25 (50% of B4 clones) and four clone sequences of the B4 and B5 libraries were grouped into the family Oxalobacteraceae in Betaprotobacteria, and most of those showed close similarities (97%-99%) to Massilia aurea (accession No. AM231588), which was originally isolated from the drinking water distribution system of Seville (Spain). In addition, a number of clone sequences in B5 library (28.6%) were closely related to Planomicrobium spp. (Table 2) . (2) 7 (7) 2 (2) 1 (1) Total no.
14 (49) 28 (43) 20 (46) 14 (44) 26 (42) 20 (46) Note: Classification was based on match results of RDP and the GenBank database. Capitals in parentheses represent sampling sites (A, B, and C are from Guangzhou and T is from Beijing). OTU, operational taxonomic unit. a A blank indicates that no related clones were obtained.
Bacterial diversity
As shown in Table 3 , Shannon diversity indices for all biofilm samples ranged from 2.27 to 3.83, the values of which were comparable with some derived from river water or even soil, indicating that the bacterial species diversities were high in the biofilms of DWDSs (Table 2) . Furthermore, although drinking water from the three sampling sites of Guangzhou have similar physical and chemical properties (Table 1) , biofilm bacterial community structures were significantly different from each other (based on LIBSHUFF analysis, data not shown), and none of the biofilm OTUs were shared by all of the three points. Microbial community diversity may affect disinfection efficacy and pathogen survival. A study with a flow cell system showed that multispecies biofilms were more resistant to biocides than single-species biofilms (Elvers et al. 2002) .
Mycobacteria in DWDS biofilms
A pair of genus-specific primers was employed to amplify the heat shock protein (hsp) gene of Mycobacterium spp. PCR products from DNA extracted from all biofilm samples showed the expected ∼228 bp PCR fragments, and a total of 96 hsp gene clones were obtained.
The majority of hsp gene sequences (81 of 84 sequences) from the five Guangzhou biofilms showed high similarities (97%-99%) to Mycobacterium arupense (Fig. 3) , while most of the sequences from the Beijing biofilm (15 of 16 sequences) showed high homology to (98%-99%) Mycobacterium gordonae. Mycobacterium gordonae may cause nosocomial pulmonary and systemic infections in the elderly (Saeki et al. 2004 ) and the immunosuppressed. It has been isolated from surface water, municipal water supplies, and biofilms from DWDSs (September et al. 2004) . Mycobacterium arupense is a novel and potentially pathogenic Mycobacterium species, which has been isolated from human clinical samples (Neonakis et al. 2010) , small terrestrial mammals, and surface water (Slany et al. 2010) . It was reported that M. arupense causes tenosynovitis in a patient with diabetes mellitus (Tsai et al. 2008) . Meanwhile, one clone (Myco-B2-11) showed high similarity (98%) to Mycobacterium immunogenum (accession No. DQ288262), which may lead to hypersensitivity pneumonitis (World Health Organization 2006) . In addition, as shown in Fig. 3 , two clones (Myco-B5-6 and Myco-T28) form a separate group, phylogenetically distinct with M. arupense and other known Mycobacterium species. Microorganisms represented by them might be new Mycobacterium species. Of those, clone Myco-B5-6 showed high similarity (99%) to Mycobacterium sp. strain FI-07153 (accession No. EU370530.1) isolated from clinical specimens. Note: Capital letters in parentheses represent sampling sites (A, B, and C are from Guangzhou and T is from Beijing). OTU, operational taxonomic unit.
Discussion
As we expected, principal component analysis and clustering analysis for the clone libraries using Unifrac and MO-THUR software indicated that biofilms from the same sampling point, i.e., B2 and B3 from point B and B4 and B5 from point C, possessed similar community structures of bacteria compared with the others. LIBSHUFF analysis further demonstrated that there was no significant difference between bacterial communities from the same site. This indicated that the small clone libraries can still effectively display differences and similarities between microbial communities in combination with statistical analysis. However, it should be noted that the proportion of dominant populations within the libraries were obviously different, e.g., 56.8% and 9.5% of clone sequences classified into the genus Massilia in B4 and B5 libraries, respectively, and 18.6% and 52.2% of clone sequences identified as Sphingobium in B2 and B3 libraries, respectively (Table 2) . Although some studies showed that the dominant phylogenetic groups in 16S rRNA gene clone libraries are the same as the dominant in situ groups determined by fluorescence in situ hybridization in natural microbial communities (Cary et al. 1997; Schramm et al. 1998; Ficker et al. 1999) , our results suggest that estimations of the relative abundance of bacteria should be done with caution.
The bacterial community of Beijing DWDS biofilms was distinctly separated with those from Guangzhou DWDS, reflecting the influence of water quality on biofilm microbial community in DWDSs (van der Kooij 1999; Volk and LeChevallier 1999). However, bacterial communities at sites A, B, and C from Guangzhou DWDS significantly differed with eachother (based on LIBSHUFF analysis) despite the similar physicochemical properties of water (Table 1 ) from the three points. This implies there are other environmental factors critical for biofilm formation in DWDSs, e.g., hydrodynamic characteristics. The hydraulic patterns at site C might vary from other sites considering the different pipe diameter (5 cm) with the others (3 cm). Manuel et al. (2007) indicated that hydrodynamic conditions are of great importance to the behavior of bacteria in biofilms as they affect their accumulation and detachment.
Similar to other investigations for water supply systems using molecular methods (Kalmbach et al. 2000; Schmeisser et al. 2003; Williams et al. 2004) , the phylum Proteobacteria (especially Alphaproteobacteria or Betaproteobacteria) was the common and primary bacterial group in the biofilm communities from the two urban DWDSs. Within the Alphaproteobacteria, a number of Sphingomonadaceae-related sequences were retrieved from both Beijing and Guangzhou biofilms (Table 2 ). Many Sphingomonadaceae bacteria can produce abundant exopolysaccharides (EPS), lack special growth requirements, and are resistant to chlorine (Furuhata et al. 2007 ), characteristics of which conferred an ecological advantage for their growth and formation of stable biofilms in oligotrophic water environments (White et al. 1996) . On the other hand, it is noteworthy that some interesting populations were found in Guangzhou biofilms. Oxalobacteraceaelike bacteria were only detected site C, comprising 56.8% of B4 clones and 9.5% of B5 clones, most of which were closely related to M. aurea isolated from a DWDS of Seville, Spain. The ubiquitous nature of Massilia spp. in various soil habitats implied that these bacteria may be derived from soils. Massilia bacteria were also found to be dominant (55% of 16S rRNA gene clones) in the biofilm on a surface of a corroded lead line removed from real DWDS of Illinois, USA (White et al. 2011) . Some surface properties of Massilia cells could be propitious to their occurrence and growth on DWDS biofilms. Recent work with AFM force spectroscopy and physicochemical analyses indicated that the high hydrophobicity, surface charges, and great propensity to form EPS by Massilia timonae may lead to a high adhesive force on the metal surface (Harimawan et al. 2011) . In addition, Planomicrobium bacteria (28.6% of B5 clones) were also only detected at point C. It was reported that strain MAE2 of Planomicrobium was capable of extensive degradation of alkanes in crude oil (Engelhardt et al. 2001 ). This implies that Planomicrobium cells possibly possess high hydrophobicity, which may contribute to their adhesion on hydrophobic surfaces of PVC pipe. In contrast, members of the family Methylophilaceae (67.3% of B1 clones) in Betaproteobacteria were only retrieved from sampling site A in Guangzhou and were mainly associated with the genus Methylophilus. There are few reports on the discovery of Methylophilaceae bacteria in DWDSs. Recently using a 454 pyrosequencing method, Hong et al. (2010) found that Methylophilus-related sequence reads were in abundance in a water metre biofilm from private households in UrbanaChampaign, Illinois, USA. Besides, it was reported that Methylophilus spp. can live in the cytoplasm of Acanthamoeba isolated from domestic tap water in Korea (Choi et al. 2009 ). The isolated Methylophilus bacteria are strictly aerobic, obligate methylotrophs using methanol as the growth substrate, and can form EPS (Doronina et al. 2005; Gogleva et al. 2010) . Hong et al. (2010) speculated that Methylophilus spp. fed methanol produced by methanotrophs in the metre biofilm, but no methanotroph-related clone was retrieved from Guangzhou biofilm samples probably due to the small sizes of our clone libraries. Overall, it is still hard to explain the differences among the bacterial communities of Guangzhou biofilms and the high occurrence of some special populations based on the analysis for the clone libraries and physicochemical properties of the drinking water. To address these issues, it is necessary to isolate those abundant phylotypes within the libraries from DWDS biofilms and further recognize their characteristics of biofilm formation and development. Furthermore, in addition to the routine water qualities, other environmental factors possibly associated with DWDS biofilms (e.g., hydrodynamic condition, surface property of pipe, EPS matrix, etc.) should also be considered.
NTM often occur in biofilms that form in water supply systems (Falkinham et al. 2001; Le Dantec et al. 2002a , 2002b . In this study, the Mycobacterium specific 65 kDa heat shock protein gene, an effective target for species differentiation in mycobacteria (Khan and Yadav 2004) , was used to determine the diversity of Mycobacterium species in DWDS biofilms. Unlike the bacterial communities, the diversity of Mycobacterium species was low, and there was no significant difference among Guangzhou biofilms. However, the primary Mycobacterium species in the two urban DWDS biofilms were clearly different, with M. arupense and M. gordonae in Guangzhou and Beijing, respectively. Mycobacterium gordonae is frequently found in drinking water supplies, while to our knowledge, this is the first discovery of M. arupense occurring in DWDS biofilms. The difference in Mycobacterium species may be correlated with the different levels of residual chlorine (Table 1) . Mycobacteria are generally resistant to disinfectants due to the complex cell wall, but there are different tolerances to disinfectants among species. Previous research indicated that Mycobacterium chelonae and Mycobacterium fortuitum were more resistant, whereas Mycobacterium aurum appeared to be the most susceptible mycobacterial species to chlorine. Le Dantec et al. (2002a) calculated that chlorination at 0.5 mg·L -1 chlorine for 2 h could eliminate over 4 log units of M. gordonae, but only 1.5 log units of M. fortuitum or M. chelonae. Considering the relatively high level of residual chlorine in water from Guangzhou, M. arupense seems more resistant to chloride than M. gordonae. On the other hand, it should be noted that the mycobacteria detected here were possibly associated with human health. Although their pathogenicity requires further research, the potential pathogenic mycobacteria in DWDSs should still arouse more authorities' attention, especially in areas with a high prevalence of immunocompromised persons.
In comparison with mycobacteria, Legionella spp. are more susceptible to residual chloride in portable water, which should be the main reason for no representatives of Legionella found in the DWDS biofilms. Though biofilm and protozoa may supply protection for Legionella, in another study using 454 pyrosequencing (unpublished data), we found that only one sequence read was related to Legionella in a total of 13 351 sequences retrieved from the biofilm of a DWDS with 0.02 mg·L -1 of free chloride, while 172 sequences were classified as Mycobacterium.
